The complete nucleotide sequence was determined for the Streptococcus sobrinus MFe28 g#f gene, which encodes a glucosyltransferase that produces an insoluble glucan product. A single open reading frame encodes a mature glucosyltransferase protein of 1,559 amino acids (Mr, 172,983) and a signal peptide of 38 amino acids. In the C-terminal one-third of the protein there are six repeating units containing 35 amino acids of partial homology and two repeating units containing 48 amino acids of complete homology. The functional role of these repeating units remains to be determined, although truncated forms of glucosyltransferase containing only the first two repeating units of partial homology maintained glucosyltransferase activity and the ability to bind glucan. Regions of homology with alpha-amylase and glycogen phosphorylase were identified in the glucosyltransferase protein and may represent regions involved in functionally similar domains.
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The glucosyltransferases (EC 2.4.1.5) produced by various species of oral streptococci are of considerable interest because of their production of extracellular glucans from sucrose. These glucans are thought to play a key role in the development of dental plaque because of their ability to adhere to smooth surfaces and mediate the aggregation of bacterial cells and food debris (12) . It is known that a single strain can produce several distinct glucosyltransferases differing in electrophoretic, antigenic, or enzymatic properties, although some of this apparent variety may be due to the use of different oral streptococcal strains and different purification procedures and activity assays by different laboratories. The properties and characteristics of the glucosyltransferases of the mutans group streptococci have been reviewed by Ciardi (3) and Mukasa (18) .
Recently, several glucosyltransferase genes from various strains of streptococci have been cloned by recombinant DNA techniques and have been shown to be expressed in Escherichia coli. Robeson et al. (24) have cloned a glucosyltransferase gene (gtfA) from Streptococcus mutans UAB90 (serotype c) and shown that it produces a protein with a molecular weight of 55,000. A similar gtfA gene has also been cloned by Pucci and Macrina (23) from S. mutans LM7 (serotype e) and by Burne et al. (2) from S. mutans GS5 (serotype c). Aoki et al. (1) reported the cloning of a glucosyltransferase gene (gtfB) from S. mutans GS-5 that produces a protein with a molecular weight of about 150,000. Another glucosyltransferase gene, gtfC, which specifies a 150,000-molecular-weight polypeptide has been obtained from S. mutans LM7 by Pucci et al. (22) . Finally, Gilpin et al. (9) have cloned two glucosyltransferase genes from Streptococcus sobrinus MFe28 (serotype h): gtfS, which encodes a glucosyltransferase that synthesizes a watersoluble glucan, and gtfl, which encodes a glucosyltransferase that synthesizes a water-insoluble glucan.
The availability of these cloned genes allows further characterization of both the genes and gene products, and in this communication, we report the complete nucleotide sequence of the gtfl gene from S. sobrinus MFe28. * Corresponding author.
MATERIALS AND METHODS
Bacteria and media. E. coli MAF1 (containing plasmid pMLG1) was the initial source of the S. sobrinus MFe28 gtfp gene (27a) . E. coli MAF5 contains plasmid pMLG5, which has the same 5.0-kilobase (kb) fragment as pMLG1 and an additional 0.5-kb fragment from the bacteriophage lambda recombinant in which the gtfp insert was first cloned (9) . E. coli JM109 was used as the recipient for transfection experiments with M13 bacteriophage vectors (35) and was routinely grown in 2x YT broth (19) . Soft agar overlays consisted of 2x YT broth supplemented with final concentrations of 0.75% agar, 0.33 mM isopropyl-3-D-thiogalactopyranoside, and 0.02% 5-bromo-4-chloro-3-indolyl-3-galactoside for differentiating recombinant and nonrecombinant phages. For the titration of M13 recombinants carrying all or part of gtJl, phages were plated on E. coli JM109 on B-broth agar (26) to which 1% sucrose was added for detection of enzyme activity.
Enzymes and chemicals. Restriction enzymes were purchased from Bethesda Research Laboratories, Inc., Gaithersburg, Md., and were used in accordance with the specifications of the manufacturer. T4 DNA ligase was purchased from Amersham Corp., Arlington Heights, Ill., or Bethesda Research Laboratories. The Klenow fragment of DNA polymerase and the M13 15-base primer were purchased from Bethesda Research Laboratories. The deoxy-and dideoxynucleotide triphosphates were purchased from P-L Biochemicals, Inc., and [a-32P]dATP was purchased from New England Nuclear Corp., Boston, Mass.). Isopropyl-3-D-thiogalactopyranoside and 5-bromo-4-chloro-3-indolyl-3-galactoside) were purchased from Sigma Chemical Co., St. Louis, Mo. Subcloning of the gtfl gene and nucleotide sequencing. The gtfl gene was obtained for subcloning experiments by digestion of pMLG1 with HindIII followed by electrophoresis and isolation of the 5.0-kb fragment from 0.8% type VII agarose gels as previously described (16) . The fragment was unidirectionally degraded with Bal 31 by a modification of the procedure of Gilmore et al. (8) , and all subcloning into M13 phages mpl8 and mpl9 was done as described by Ferretti et al. (7) . A 0. Gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and detection of glucosyltransferase activity by incubation of gels with sucrose in the presence of Triton X-100 was done as described previously (9) , but the sensitivity of the method was enhanced by the use of a periodic acid-Schiff reagent procedure modified from published methods (15, 29) . After incubation in sucrose (generally for 40 h at 37°C), the gels were fixed for 30 min in 75% ethanol and treated on a shaker for 30 min with 0.7% periodic acid in 5% acetic acid. They were then shaken for 60 min in several changes of 0.2% sodium metabisulfite in 5% acetic acid and placed in Schiff reagent (Sigma) for several hours. Finally, the gels were washed extensively in 45% methanol-45% acetic acid-10% water. All procedures were carried out at room temperature.
Purification of glucosyltransferase and glucan-binding peptides. Glucosyltransferase was purified from cells of E. coli MAF5 (which carries plasmid pMLG5) by subjecting the bacteria to ultrasonic disruption and using a single-step affinity chromatography procedure: the bacterial extract was passed through a column containing Sepharose 1000 (Pharmacia) and mutan; after the column was washed with buffer, bound glucosyltransferase was eluted with 5 M guanidine hydrochloride (26) . The same procedure was used for detection of glucan-binding peptides; i.e., disrupted cell extracts, plus for phage M13-infected cultures, the culture supernatant, were passed through the affinity column. Eluted peptides were analyzed by SDS-PAGE, and derivation from glucosyltransferase was confirmed by Western blotting (immunoblotting) with antiserum against purified glucosyltransferase (27a 18 bp from a proposed -10 region (TTAAAA).
Amino acid composition. The deduced amino acid composition indicated a highly hydrophilic protein, with a hydrophobic N-terminal region. This region displayed the characteristics expected of a signal peptide, i.e., a basic N-terminal region followed by a central hydrophobic region and a more polar C-terminal region. The residues surrounding amino acid 38 conform with the "-3, -1" rule proposed by von Heijne (31) investigate whether the gtJp gene product was indeed cleaved at this site, the enzyme expressed in E. coli MAF5 was purified by affinity chromatography and subjected to N-terminal amino acid analysis. The first 16 amino acids were identified as Asp-Thr-Glu-Thr-Val-Ser-Glu-Asp-SerAsn-Gln-Ala-Val-Leu-Thr-Ala; this sequence is identical to that of the deduced amino acid sequence directly following the postulated cleavage site. Thus, the signal peptide is 38 amino acids long and contains regions similar to those found in most secretory signal sequences (20) . The mature glucosyltransferase contains 1,559 amino acids and has a molecular weight of 172,983. The deduced amino acid composition of glucosyltransferase with and without the signal peptide is presented in Table 1 .
Amino acid sequence homology. A series of repeating units is located in the C-terminal one-third of the glucosyltransferase molecule (Fig. 4) . One of the repeating units, designated A, is 35 amino acids long and is present six times. Although these repeats are hot completely identical, repeating unit A4 was found to have the greatest homology with each of the other five repeating units. Based on a comparison with A4, the homologies were as follows: Al, 65%; A2, 38%; A3, 72%; A5, 65%; and A6, 50%. The gene segments corresponding to these regions are also highly conserved and except for repeat A2, which contained only 38% identical bases, the repeats contained 65 to 72% identical bases. Repeating unit B is present twice and contains 48 amino acids, all of which are identical. The corresponding gene regions contain a stretch of 132 identical bases. Functional regions of glucosyltransferase. Since functional glucosyltransferase was expressed from both pMLG1 and pMLG5, the terminal 0.5 kb of the gtpl gene is clearly not essential for activity. However, we have previously reported that a deletion extending from the end of the gene to the Sacl site at position 3085 resulted in expression of a truncated and enzymatically inactive peptide (27, 27a) . To further define the length of the gene sequence required for expression of a functional glucosyltransferase, a series of derivatives of phage M13 containing various lengths of gtf7 were examined for expression of peptides which had enzyme activity and the ability to bind to glucan (Fig. 5) . The M13 derivatives R7-20, R5-2, and R7-3 all formed polymer when plated with E. coli JM109 on sucrose-containing medium (Fig. 6) . The two shortest M13 derivatives tested, R7-34 and R3-6, did not form any polymer either on plates or in a tube assay for glucosyltransferase using 14C-labeled sucrose. Nor did they release reducing sugar from sucrose, whereas the longer derivatives did encode enzyme activity for the release of reducing sugars, as indicated by the fact that when they were plated on E. coli JM109 on sucrose indicator plates (Russell et al., in press), acid was produced by E. coli. The same pattern of function was found when glucan-binding ability was examined; derivatives R7-20, R5-2, and R7-3 all expressed peptides which were retained by a mutan-Sepharose column, whereas R7-34 and R3-6 did not.
The results presented above indicated that the genetic information essential for enzyme activity and glucan-binding function was located in the C-terminal one-third of the gene. An in-frame gene fusion was therefore made between pUC8 and the ScaI site of gtpl located at position 3290. The resultant recombinant plasmid pSF86 expressed a 65-kilodalton peptide which reacted with antiserum to glucosyltransferase, indicating that the entire C-terminal one-third of the enzyme was being made. This peptide had no detectable glucosyltransferase activity but did bind to the affinity column.
Protein homology. Comparison of the deduced amino acid sequence of glucosyltransferase with other sequenced proteins revealed partial homologies with three proteins: alphaamylase from barley, alpha-amylase from Bacillus amyloliquefaciens, and glycogen phosphorylase from rabbits (Fig.  7) . The homologies of the glucosyltransferase with the two alpha-amylases overlap in the same general region, suggesting a region of functional homology for the three proteins. previous estimates for glucosyltransferase that produce insoluble glucans (3, 18) , although proteolytic degradation and problems associated with molecular weight determinations by gel analysis could easily account for the differences. The deduced amino acid composition of the glucosyltransferase indicates that it is a highly hydrophilic protein, containing 11.5% basic amino acids, 12.6% acidic amino acids, and 41.6% polar amino acids.
DISCUSSION
The restriction map generated from nucleotide sequence analysis is in agreement with previous maps established for this fragment and also supports previous speculations concerning the location of probable transcription and translation initiation sites (27, 27a) . These sites are similar to transcription and translation sites reported for other streptococcal genes (6, 7, 14, 17) . Downstream of the coding region, a single termination codon is present, but insufficient sequence is available to comment further about sequences involved in transcription termination.
The presence of a 38-amino-acid signal peptide was confirmed by N-terminal amino acid analysis of the purified glucosyltransferase protein, in which the sequence of the first 16 amino acids was identical to the deduced sequence. This signal peptide has properties similar to those of other signal peptides (20) , i.e., a positively charged N-terminal region followed by a string of 23 hydrophobic amino acids and a more polar C-terminal region. The cleavage site between Ala and Asp and the surrounding residues are in accordance with the -3, -1 rule proposed by von Heijne (31) . The 38-amino-acid signal peptide of glucosyltransferase is in the general size range of other streptococcal signal peptides (6, 14, 17, 32) and that reported for other grampositive organisms (20) .
It is apparent that E. coli is capable of recognizing the gtfl gene product and cleaving it at the site expected for removal of a secretion signal peptide. Other evidence suggests that the enzyme passes through the cytoplasmic membrane. For example, E. coli strains expressing glucosyltransferase can metabolize sucrose (27a), although sucrose can pass through only the outer membrane and not the cytoplasmic membrane (5) . Glucosyltransferase would thus be expected to accumulate in the periplasmic space, but we have been unable, using conventional osmotic shock methods for release of periplasmic proteins (13, 34) , to obtain release of the protein. In view of the observation that much of the C-terminal region of glucosyltransferase is not essential for function, it is tempting to speculate that the commonly observed heterogeneity of molecular sizes in enzyme preparations (18, 25) is due to sequential degradation by proteolytic action on this end of the molecule. As yet, however, there is insufficient evidence to confirm this idea.
The C-terminal region of the glucosyltransferase protein contains two sets of repeated sequences, the A repeating unit present six times and the B repeating unit present twice. The A repeating units exhibit some variability, whereas the B repeating units are completely identical. The manner or sequence in which these duplications and changes occurred is not obvious. However, duplications in other streptococcal genes and proteins have been recently reported, e.g., the group A type 6 M protein (14) and the group B immunoglobulin G-binding protein (6, 11) .
The functional role of the repeating units is not clear, although the region containing them is essential both for glucosyltransferase activity and for binding of glucans. It is of interest that the part of the glucosyltransferase protein showing homology with glycogen phosphorylase spans the region containing the first two A repeat units. This region of glycogen phosphorylase is thought to be involved in substrate binding or catalysis (21) but is distinct from the region (amino acids 401 to 443) thought to be involved in the storage site which binds heptamylose (10) . The regions of homology with the alpha-amylase proteins are found further upstream, not too distant from the repeating unit. The common feature of all three enzymes is the ability to bind to glucans, and it seems likely that the identified regions of glucosyltransferase homology are also involved in or essential for glucan binding.
The relationship of the gtJf gene to other known glucosyltransferase genes is of considerable interest, especially in view of the different restriction maps reported (1, 22, 24, 27a) and the evolutionary distance between S. mutans, (G+C content, 36 to 38%) and S. sobrinus (G + C content, 44 to 46% (4). In the accompanying paper, Shiroza et al. report a sequence analysis of the S. mutans gtJB gene, which specifies a glucosyltransferase that also produces insoluble glucans (30) .
